1. Introduction {#sec1-cells-08-01216}
===============

Amyotrophic lateral sclerosis (ALS) is a non-cell autonomous and multisystem disease with an unclear triggering factor. Several pathophysiological causes contributing to the progression of the disease have been identified, including genetic mutations \[[@B1-cells-08-01216]\], excitotoxicity \[[@B2-cells-08-01216]\], oxidative stress \[[@B3-cells-08-01216]\], deregulated immune/inflammatory processes \[[@B4-cells-08-01216]\], and mitochondrial dysfunction \[[@B5-cells-08-01216]\]. Interestingly, most of these processes interfere with calcium (Ca^2+^) homeostasis. Accordingly, increased activity of P/Q-type voltage-gated Ca^2+^ channels \[[@B6-cells-08-01216]\], reduced number of excitatory amino acid transporters \[[@B7-cells-08-01216]\], specific alterations in the subunit composition of the α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) glutamate receptor that make it permeable to Ca^2+^, and increased glutamate level may lead to an excessive Ca^2+^ influx in ALS \[[@B8-cells-08-01216]\]. Importantly, dysfunctional Ca^2+^ level may induce abnormal misfolding of proteins in ALS, thus facilitating their toxic aggregation \[[@B9-cells-08-01216]\]. Another aspect that deserves attention is that an increased cytosolic Ca^2+^ level may impair the buffer systems of the endoplasmic reticulum (ER) further elevating the intracellular concentration of the ion \[[@B10-cells-08-01216]\] and causing ER Ca^2+^ leak. On the other hand, nanomolar concentration of Ca^2+^ released from ER is able to trigger the prosurvival signaling pathway at motor neuronal level in an experimental model of ALS \[[@B11-cells-08-01216]\]. Therefore, global calcium dyshomeostasis linked to organellar dysfunction, being one of the main processes present in several forms of ALS, could be actually considered the unique link among the pathogenetic mechanisms so far known. Indeed, stabilization of such ionic balance might be a promising possibility in ALS therapy. Very recently, lysosomal Ca^2+^ dysfunction has emerged as an important pathological change leading to neuronal demise in ALS \[[@B12-cells-08-01216]\], highlighting the role of this tiny organelle in the maintenance of global cellular homeostasis. The idea of lysosomes as mere degradative structures has dramatically changed and they are now being considered as dynamic organelles deputed to Ca^2+^ homeostasis and several Ca^2+^-dependent functions \[[@B13-cells-08-01216]\]. Therefore, it is not surprising that lysosomal dysfunction underlies various organic diseases. For instance, lysosomal Ca^2+^ dyshomeostasis may be considered the principal cause of autophagy deregulation, mainly involved in several neurodegenerative disorders. This review will focus on some new findings linking Ca^2+^ dyshomeostasis and lysosomal dysfunction to downstream mechanisms leading to neurodegeneration in ALS. Here, lysosomal Ca^2+^ homeostasis and its machinery will be presented as new therapeutic targets potentially useful in ALS.

2. Lysosomal Ca^2+^ within the Global Ca^2+^ Homeostasis: Interplay and Function {#sec2-cells-08-01216}
================================================================================

Ca^2+^ is the unique metal ion having a very huge concentration gradient across the plasma membrane of virtually all cells \[[@B14-cells-08-01216]\]. Maintenance of this ionic gradient is an energy-dependent phenomenon that requires controlled intracellular calcium signaling machinery \[[@B15-cells-08-01216]\]. This is assured by specific ionic mechanisms located on the plasma membrane and specialized organelles \[[@B13-cells-08-01216]\].

Furthermore, transient increases in the intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) are used as specific signals regulating various biological outputs such as metabolic activity, cell growth and differentiation, transmitter release, and long-term modification of synaptic efficiency. On the other hand, alteration in \[Ca^2+^\]~i~ is even implicated in neuronal damaging occurring in the neurodegenerative process.

In excitable cells such as neurons and cardiomyocytes, these Ca^2+^ signals are initiated by the occurrence of action potentials opening voltage-dependent Ca^2+^ channels on plasma membrane at the level of specialized domains. Moreover, \[Ca^2+^\]~i~ increase also depends on release from intracellular Ca^2+^-storing organelles through specific ion channels, pumps, and exchangers. A further level of complexity is due to an integrated cellular network among these intracellular Ca^2+^-storing organelles. Interestingly, they interact with each other on various cellular tasks through specialized membrane contact sites rather than acting as isolated entities \[[@B16-cells-08-01216],[@B17-cells-08-01216]\]. In this respect, a physical and functional interaction between lysosomes and ER has been demonstrated in different cells and tissues \[[@B18-cells-08-01216]\]. It has been proposed that the close apposition between the two compartments could generate relevant global Ca^2+^ signals within the cell \[[@B19-cells-08-01216]\]. For instance, disruption of acidic stores function causes a reduction in the calcium transient in cardiomyocytes, resulting in significant blunting of responses to isoprenaline in terms of inotropic effect \[[@B20-cells-08-01216]\]. Indeed, within the cell, a trigger zone could exist in which acidic calcium stores are tightly packed in an appropriate domain near the ryanodine receptors \[[@B21-cells-08-01216],[@B22-cells-08-01216],[@B23-cells-08-01216]\].

Lysosomes, tiny acidic organelles traditionally studied for their catabolic activity \[[@B24-cells-08-01216]\], have recently emerged as important Ca^2+^-storing compartments that participate in the regulation of global intracellular Ca^2+^ homeostasis under both physiological and pathological conditions \[[@B19-cells-08-01216],[@B25-cells-08-01216]\]. Accordingly, a rapid osmotic permeabilization of lysosomes evokes prolonged and spatiotemporally complex Ca^2+^ signals requiring the intervention of different intracellular receptors \[[@B18-cells-08-01216]\]. Indeed, the average free Ca^2+^ concentration within their lumen is approximately 500 μM \[[@B26-cells-08-01216]\], which is comparable to the Ca^2+^ concentration reached in the ER \[[@B27-cells-08-01216]\].

Lysosomal Ca^2+^ could be released by intracellular cues, including nicotinic acid adenine dinucleotide phosphate (NAADP) \[[@B28-cells-08-01216]\] and lysosome-enriched phosphoinositide PI(3,5)P~2~, mainly involved in membrane trafficking \[[@B29-cells-08-01216]\]. This local Ca^2+^ release is crucial for lysosome function, but may be also involved in global Ca^2+^ signaling by interacting with ER Ca^2+^ signaling \[[@B13-cells-08-01216],[@B18-cells-08-01216],[@B30-cells-08-01216],[@B31-cells-08-01216]\]. This evidence has reinforced the study on the functional relationship between the two organelles in handling Ca^2+^ ions. Very recently, the ER Ca^2+^-sensor STIM1 (stromal-interacting molecule 1) has been identified as a fine regulation mechanism of lysosome/ER coupling \[[@B12-cells-08-01216]\].

Different Ca^2+^-release channels are localized to the lysosomal membrane (see [Figure 1](#cells-08-01216-f001){ref-type="fig"}), including the ATP-gated cation channel, P2X4; the member of the melastatin subfamily of TRP (transient receptor potential) ion channels, TRPM2; P/Q-type voltage-gated Ca^2+^ channels (VGCCs); and the non-selective cation channel belonging to the ankyrin subfamily of TRPs, TRPA1.

Unfortunately, for some of these proteins, direct measurement of their activity is still lacking. The most studied among them is the transient receptor potential mucolipin subfamily 1 (TRPML1) that belongs to the mucolipin subgroup of TRP ion channel family \[[@B32-cells-08-01216]\]. Moreover, TRPML1 represents the main Ca^2+^-releasing channel used as lysosomal receptor by PI(3,5)P~2~. Interestingly PI(3,5)P~2~ levels are significantly impaired in some ALS forms \[[@B33-cells-08-01216],[@B34-cells-08-01216]\].

Loss-of-function mutations in TRPML1 cause mucolipidosis type IV (MLIV), a devastating lysosomal storage disorder characterized by neurodegeneration \[[@B35-cells-08-01216]\]. TRPML1 is widely expressed and predominantly localized on late endosomes and lysosomes, while the other two mammalian members of the mucolipin subfamily, TRPML2 and TRPML3, are also expressed on recycling and early endosomes, respectively \[[@B36-cells-08-01216]\]. Despite being a non-selective cation channel, TRPML1 displays a high permeability to Ca^2+^ and participates in the regulation of several Ca^2+^-dependent functions within the cell \[[@B37-cells-08-01216]\]. Therefore, TRPML1-mediated lysosomal Ca^2+^ release may fulfill lysosomal exocytosis \[[@B38-cells-08-01216],[@B39-cells-08-01216]\], membrane repair \[[@B40-cells-08-01216]\], autophagy \[[@B41-cells-08-01216]\], nutrient sensing \[[@B42-cells-08-01216]\], oxidative stress sensing \[[@B43-cells-08-01216]\], lysosome motility, and lysosome tubulation and reformation \[[@B44-cells-08-01216]\]. Another important type of lysosomal channel is represented by the two-pore channels (TPCs) containing two tandem six-transmembrane domains. Whereas TPC1 is mainly expressed in endosomal compartments, TPC2 is predominantly present on lysosomal membranes \[[@B28-cells-08-01216]\] and is proposed to be the long-sought NAADP receptor that mediates NAADP-induced Ca^2+^ release from lysosomes \[[@B28-cells-08-01216],[@B45-cells-08-01216],[@B46-cells-08-01216],[@B47-cells-08-01216],[@B48-cells-08-01216]\]. Recently, Aston et al. showed the co-localization between NAADP and TPC2 on acidic stores in cardiac ventricular myocytes using live cell microscopy \[[@B23-cells-08-01216]\]. However, the Ca^2+^ permeability of TPC2 has been questioned by recent studies, thus considering TPC2 as Na^+^-selective channel with a low Ca^2+^ permeability \[[@B49-cells-08-01216],[@B50-cells-08-01216]\]. In this respect, mutagenesis studies identified specific molecular determinants for Na^+^ selectivity in TPC2 structure \[[@B51-cells-08-01216]\].

Once released, Ca^2+^ must be refilled to ensure all lysosomal functions. Recently Atakpa et al. \[[@B52-cells-08-01216]\] proposed that microdomains of high local Ca^2+^ concentration presented to lysosomes by the ER IP~3~ (Inositol 1,4,5-trisphosphate) receptor (IP~3~R) may facilitate lysosomal Ca^2+^ uptake. However, how lysosomal Ca^2+^ is taken up after its release remains to be answered. Two different refilling mechanisms have been proposed: (a) a putative Ca^2+^--H^+^ exchanger transporting Ca^2+^ ions into lysosomal lumen in an H^+^-dependent manner \[[@B25-cells-08-01216]\] (see [Figure 1](#cells-08-01216-f001){ref-type="fig"}) and (b) an unidentified Ca^2+^ transporter at the level of ER-lysosome membrane contact sites activated by ER Ca^2+^ release \[[@B53-cells-08-01216]\]. This suggests that the functional coupling with the ER is vital for lysosomal function and vice versa. Importantly, an essential role is occupied by ER in nervous system functions and during neurodegeneration \[[@B54-cells-08-01216]\]. In this respect, an abundance of Ca^2+^ within the ER is essential for nascent protein folding and cell survival \[[@B55-cells-08-01216]\]. Recently, we have shown that ER plays a crucial role in triggering the Ca^2+^/Akt/ERK1/2 neuroprotective pathway in a model of ALS/Parkinson-dementia complex (ALS/PDC) \[[@B11-cells-08-01216]\].

Besides the Ca^2+^-storing properties, other functions are controlled by ER in motor neurons. During neuronal circuit development, the spatial localization of ER controls the growth cone cytoskeleton to direct motility of motor neurons \[[@B56-cells-08-01216]\]. This is due to the intervention of the only known ER calcium sensor STIM1 that, in this circumstance, was acting independently from store-operated calcium entry. Therefore, this finding suggests multiple and unexplored functions for STIM1. Very recently, we have shown that in NSC-34 cells and rat primary motor neurons, TRPML1 channel co-localizes with STIM1 \[[@B12-cells-08-01216]\], thus suggesting its regulatory function on lysosomal channel activity. Additionally, the specific and irreversible SERCA (sarco-endoplasmic reticulum Ca^2+^ ATPase) inhibitor thapsigargin, by depleting the ER Ca^2+^ store, influences lysosomal Ca^2+^ content \[[@B12-cells-08-01216]\], thus highlighting the relevance of ER and lysosome connection. This is corroborated by the evidence that dysfunctional Ca^2+^ homeostasis in one of these organelles has a dramatic repercussion on the other store \[[@B12-cells-08-01216]\]. In fact, there is a persuasion on the strategic role of ER in promoting lysosomal Ca^2+^ refilling in other cellular systems \[[@B53-cells-08-01216]\].

Many proteins control organellar interplay and are controlled in turn by store functions. For instance, in addition to mitochondria, the calcium-sensitive GTPase dynamin is also associated with lysosomal membrane \[[@B57-cells-08-01216]\], where it is regulated by lysosomal Ca^2+^ release \[[@B58-cells-08-01216]\]. In particular, this modulation seems to occur through TRPML1 Ca^2+^ release \[[@B59-cells-08-01216]\]. It has been demonstrated that, once activated, dynamin tightly controls ER \[[@B60-cells-08-01216]\], mitochondria \[[@B61-cells-08-01216]\] and lysosomal fission \[[@B62-cells-08-01216]\].

Since lysosome size is dynamically regulated by lysosomal membrane fusion and fission \[[@B63-cells-08-01216]\], the passage of Ca^2+^ ions between these organelles is essential for lysosomal function and global cellular homeostasis. Interestingly, the functional ER/lysosome interplay is not pH-sensitive, since the v-ATPase inhibitors bafilomycin-A or concanamycin-A did not abolish the refilling, but it depends on IP~3~R activity \[[@B18-cells-08-01216],[@B23-cells-08-01216],[@B64-cells-08-01216]\]. Overall, despite the efforts of several researchers leading to important findings, further studies are required to identify all ER/lysosomal partners involved in handling Ca^2+^ ions and controlling lysosomal-related functions.

3. Lysosomal Ca^2+^ Signaling and Autophagy {#sec3-cells-08-01216}
===========================================

Autophagy is an evolutionarily conserved cellular process through which cytoplasmic materials such as proteins or even complete organelles are directed to lysosomes for degradation. This process allows the clearance of protein aggregates, long-lived proteins, misfolded proteins, and dysfunctional and damaged organelles, and ensures the recycling of their constituents \[[@B65-cells-08-01216],[@B66-cells-08-01216]\]. In mammals, autophagy occurs under basal conditions and is implicated in the maintenance of normal cellular homeostasis \[[@B65-cells-08-01216]\]. However, the process can be stimulated by several physiological and pathological conditions, including starvation, hypoxia, reactive oxygen species (ROS) production, pathogenic infections, various diseases, or by treatment with pharmacological agents like rapamycin and torin-1. Under these conditions, the activation of autophagy allows cells to overcome the stress, thus promoting cell survival. However, an impairment in the autophagic process can contribute to the pathogenesis of several human diseases, including neurodegenerative disorders, cancer, and infectious diseases \[[@B65-cells-08-01216],[@B66-cells-08-01216]\].

In mammalian cells, three major subtypes of autophagy have been described, based on the mechanism by which substrates reach lysosomal lumen: Chaperone-mediated autophagy (CMA), microautophagy, and macroautophagy. Only soluble proteins, but not complete organelles, can be delivered to lysosomes via CMA \[[@B67-cells-08-01216]\], whereas microautophagy and macroautophagy participate in the degradation of both proteins and organelles \[[@B68-cells-08-01216]\]. In more detail, CMA is characterized by the translocation of cytosolic proteins with the pentapeptide KFERQ motif into lysosomal lumen directly across lysosomal membrane. In this process, protein import is directly mediated by the lysosomal-associated membrane protein type 2A (LAMP2A) translocation complex \[[@B66-cells-08-01216],[@B67-cells-08-01216]\]. Microautophagy is a constitutive and sometimes selective process by which whole portions of the cytoplasm are engulfed by direct invagination of lysosomal membrane into tubulovesicular structures \[[@B65-cells-08-01216],[@B69-cells-08-01216],[@B70-cells-08-01216]\]. Macroautophagy, hereafter referred to as autophagy, is the most extensively studied and the best characterized form of autophagy. During this process, a portion of cytoplasm including soluble materials and organelles is sequestered within a phagophore, a de novo-formed double-membraned structure also named isolation membrane. After elongation, the phagophore closes upon itself to form a discrete double-membrane autophagic vesicle, called autophagosome, which entraps sequestered cytosolic cargoes. Subsequently, via cytoskeleton-dependent motion, autophagosome engages and fuses with lysosome in a Ca^2+^-dependent manner, forming a fusion-hybrid organelle called autolysosome. Within the autolysosome, lysosomal enzymes degrade cargoes and the resulting macromolecules are transported back to cytosol for recycling \[[@B66-cells-08-01216],[@B68-cells-08-01216],[@B71-cells-08-01216],[@B72-cells-08-01216],[@B73-cells-08-01216],[@B74-cells-08-01216]\]. When autophagic process is completed, lysosomes are reformed from the fusion-hybrid organelles through lysosome biogenesis \[[@B75-cells-08-01216]\].

Several studies have shown that autophagy induction is a Ca^2+^-dependent process, during which a crucial role is played by the lysosomal channel, TRPML1 \[[@B76-cells-08-01216]\]. Indeed, it has been shown that the overexpression of this channel was able to induce an increase in the autophagic flux, whereas its silencing was responsible for a reduction in the autophagic pathway in HeLa cells \[[@B76-cells-08-01216]\]. Furthermore, in human fibroblasts derived from MLIV patients, there was an impairment in the autophagic pathway, which induced a significant accumulation of autophagic markers p62 (SQSTM1/p62) and LC3-II (1A/1B light chain 3-phosphatidyl ethanolamine conjugate), as a result of increased autophagosome formation and delayed autophagosome fusion with lysosomes. These alterations led to an inefficient autophagosome degradation \[[@B77-cells-08-01216]\]. A similar increase in p62 and LC3-II was also observed in neuronal cells derived from *mcoln1^-/-^* mouse, a murine model of MLIV. This finding suggested an accumulation of protein aggregates and a defect in autophagy which could account for the neurodegeneration occurring in MLIV \[[@B78-cells-08-01216]\]. Autophagic defects have also been described in other animal models of MLIV, including *Drosophila trpml* mutant and *Caenorhabditis elegans cup-5* null mutant. In particular, autophagy disruption, observed in *trpml* mutant flies exhibiting an MLIV-like phenotype, was attributable to a reduced degradation of cargoes following fusion between autophagosomes and lysosomes \[[@B79-cells-08-01216]\]. Similarly, in *C. elegans*, mutations in *cup-5* were responsible for defects in the autophagic pathway. Indeed, in *cup-5* null mutant worms, a variety of autophagic substrates accumulated in enlarged vacuoles similar to late endosomes and lysosomes, thus indicating a dysfunction in autolysosomes proteolytic degradation \[[@B80-cells-08-01216]\].

The molecular mechanisms underlying TRPML1-mediated regulation of autophagy have been recently described. In particular, lysosomal Ca^2+^ release through the channel, by activating Ca^2+^/calmodulin-dependent Ser/Thr phosphatase calcineurin, promoted the dephosphorylation and subsequent nuclear translocation of TFEB (transcription factor EB) \[[@B76-cells-08-01216]\], a lysosomal master gene regulator \[[@B76-cells-08-01216],[@B81-cells-08-01216]\]. Once in the nucleus, TFEB drives the expression of several genes controlling lysosomal functions, including those involved in the regulation of autophagic pathway \[[@B76-cells-08-01216],[@B81-cells-08-01216]\]. Interestingly, TRPML1 inhibition, by preventing cytoplasm-to-nucleus shuttling of TFEB, hampered autophagic genes transcription, thus determining a block in the process \[[@B76-cells-08-01216]\].

Furthermore, it has been shown that autophagy can also be activated by lysosomal Ca^2+^ release through TRPML1 in response to oxidative stress conditions. Indeed, following an elevation in ROS production or an increase in exogenous oxidants, TRPML1-mediated Ca^2+^ release promoted calcineurin-dependent TFEB nuclear translocation, thus enhancing autophagy and lysosome biogenesis and mitigating oxidative stress. In fact, the subsequent increase in the autophagic flux facilitated the elimination of damaged mitochondria that produce excessive ROS and restored a balanced redox homeostasis \[[@B43-cells-08-01216]\]. Therefore, TRPML1 could be considered a ROS sensor with a compensative function during oxidative stress.

4. Lysosomal Ca^2+^ Dysfunction in Neurodegeneration {#sec4-cells-08-01216}
====================================================

Defects in lysosomal Ca^2+^ handling and release have been indicated as the main causes of the lysosomal storage disorders (LSDs), of which neurodegeneration constitutes an important component. This is mainly due to defects in the key components of lysosomal Ca^2+^ machinery leading to Ca^2+^ dysregulation. In example, defects in lysosomal Ca^2+^ release play a fundamental role in the pathogenesis of MLIV, an autosomal recessive LSD characterized by severe neurodegeneration and caused by loss-of-function mutations in the gene encoding for TRPML1 \[[@B35-cells-08-01216],[@B82-cells-08-01216],[@B83-cells-08-01216]\].

Moreover, mutations in key proteins involved in the synthesis of TRPML1 endogenous agonist PI(3,5)P~2~, such as FIG4, are associated with other neurological disorders \[[@B84-cells-08-01216]\], including some cases of ALS \[[@B33-cells-08-01216],[@B34-cells-08-01216]\]. Furthermore, the role of TRPML1 in neurodegeneration is reinforced by the fact that the lysosomal Ca^2+^ channel can also be activated by ROS \[[@B43-cells-08-01216]\], whose production is strongly upregulated in several neurodegenerative diseases \[[@B85-cells-08-01216]\].

Besides its well-established role in the neurodegenerative processes underlying MLIV, TRPML1 function is compromised also in other neurodegenerative diseases, including the LSD Niemann--Pick type C (NPC) disease \[[@B86-cells-08-01216]\] and HIV-associated dementia \[[@B87-cells-08-01216]\].

In particular, in NPC, the low Ca^2+^ levels within the acidic stores, caused by defective lysosomal Ca^2+^ uptake and the subsequent reduction in lysosomal Ca^2+^ release, led to an impairment in late endosomes/lysosomes fusion and to a defective lipid trafficking \[[@B88-cells-08-01216],[@B89-cells-08-01216]\]. The participation of TRPML1 in the pathological process underlying the disease has recently emerged, since the accumulation of sphingomyelin inhibited TRPML1 activity, whereas the pharmacological activation of the channel reverted the lysosomal storage phenotype \[[@B86-cells-08-01216]\].

Similarly, in cellular models of HIV-dementia, the pharmacological activation of TRPML1 was able to promote the clearance of amyloid-β peptides and sphingomyelin at lysosomal level \[[@B87-cells-08-01216]\].

Other lysosomal Ca^2+^ channels could be involved in the pathogenesis of some neurological diseases. For instance, the inhibition of the voltage-gated Ca^2+^ channel CACNA1A function at lysosomal but not at plasma membrane level led to lysosomal fusion defects \[[@B90-cells-08-01216]\]. Mutations in this gene are also responsible for episodic ataxia type 2 (EA2), familial hemiplegic migraine-1 (FHM1), and spinocerebellar ataxia type 6 (SCA6) \[[@B91-cells-08-01216]\].

On the other hand, P2X4 channel is involved in epilepsy and in some forms of ALS \[[@B92-cells-08-01216]\], although the role of its lysosomal form is still unclear.

A nascent literature has emerged on the role of lysosomal Ca^2+^ dysfunction also in the most frequent neurodegenerative disorders, including Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD) \[[@B93-cells-08-01216],[@B94-cells-08-01216],[@B95-cells-08-01216],[@B96-cells-08-01216]\].

Moreover, in a mouse model of familial AD, loss-of-function mutations in presenilins (PSEN^-/-^) significantly altered lysosomal Ca^2+^ storage and release, thus causing an impairment in lysosomal fusion processes \[[@B97-cells-08-01216]\]. It has been proposed that the dysfunction of lysosomal Ca^2+^ observed in PSEN1^-/-^ cells was dependent on the elevation of lysosomal pH, which caused an abnormal Ca^2+^ efflux from lysosomes via a hyperactivated TRPML1 \[[@B93-cells-08-01216]\]. Furthermore, TRPML1 was downregulated in the APP/PS1 transgenic mice, while channel overexpression was able to rescue memory impairment by hampering neuronal apoptosis. In vitro experiments showed that TRPML1 overexpression rescued primary neurons from lysosomal Ca^2+^ dysregulation and cell death induced by Aβ~1-42~ exposure \[[@B98-cells-08-01216]\].

Increasing evidences have demonstrated that deregulated Ca^2+^ signaling and lysosomal dysfunction underlie the neurodegeneration associated with PD, probably involving the lysosomal Ca^2+^ channel TPC2. In particular, mutations in PD-linked genes, GBA1 encoding for the lysosomal enzyme glucocerebrosidase and LRRK2 encoding for a protein whose function is still unknown, are responsible for defects in lysosomal Ca^2+^ homeostasis \[[@B99-cells-08-01216],[@B100-cells-08-01216]\]. Indeed, it has been shown that dopaminergic neurons generated from fibroblast-derived iPSC carrying GBA1 mutations contained lower lysosomal Ca^2+^ levels compared to wild-type cells and were characterized by a disrupted endolysosomal morphology with enlarged and clustered lysosomes \[[@B99-cells-08-01216]\]. Lysosomal Ca^2+^ store content was reduced also in *GBA1*-PD fibroblasts similarly to that reported in Niemann--Pick type C1 diseased fibroblasts \[[@B31-cells-08-01216]\]. Accordingly, Tsunemi and coauthors \[[@B101-cells-08-01216]\] showed that patient-derived dopaminergic neurons carrying loss of PARK9 function displayed disruption in lysosomal Ca^2+^ homeostasis and increased cytosolic Ca^2+^ levels, thus promoting toxic α-synuclein accumulation. However, the activation of TRPML1-mediated Ca^2+^ release prevented α-synuclein accumulation \[[@B101-cells-08-01216]\].

Interestingly, in the neurodegenerative process associated with the above-mentioned diseases, lysosomal Ca^2+^ dysfunction determines an impairment of autophagy \[[@B98-cells-08-01216]\], mainly via TFEB dysregulation \[[@B102-cells-08-01216]\]. However, the real contribution of the master regulator of the autophagic process and how it could be finely modulated in AD, PD, and other diseases remains to be established.

5. Lysosomal Ca^2+^ Dysfunction and Autophagy Defects in ALS {#sec5-cells-08-01216}
============================================================

The impairment of human endolysosomal pathway activity with the consequent defects in its downstream functions is now considered a relevant pathogenetic mechanism in ALS. Importantly, it is likely shared as a disease mechanism by both familial (fALS) and sporadic (sALS) ALS forms \[[@B103-cells-08-01216]\].

Indeed, almost 7 out of 25 genes related to Mendelian inheritance of ALS are involved in endosomal/vesicular biogenesis, maturation, and trafficking. In virtue of this defective clearing mechanism, the main pathological hallmark and potential triggering mechanism of ALS is represented by the accumulation of misfolded proteins in motor neurons. Ubiquitin-positive inclusions linked to SOD1, transactive response DNA-binding protein 43 kDa (TDP-43), fused in sarcoma (FUS) protein, and C9orf72 have been reported in fALS \[[@B104-cells-08-01216]\]. However, abnormal accumulation of the wild-type form of some proteins, such as TDP-43 and SOD1, has also been observed in sALS \[[@B105-cells-08-01216],[@B106-cells-08-01216],[@B107-cells-08-01216]\]. In most cases, TDP-43 represents the major component of these inclusions. Interestingly, TDP-43 accumulation per se impairs the endolysosomal pathway, resulting in lysosomal dysfunction and lethal autophagy \[[@B108-cells-08-01216]\]. In fact, the aggregation of ALS-related genes triggers a hyperactive induction of autophagy suggestive of AMPK activation and mTOR repression in motor neurons of SOD1^G85R^ mice \[[@B109-cells-08-01216]\] that, in the end, resulted in the engulfment of the autophagic flux just like a wheel engulfed in desert sand. Consistently, upregulation of beclin 1 has been found in spinal cord and brainstem fractions of SOD1^G93A^ animals in which p62 and LC3-II levels were elevated \[[@B110-cells-08-01216]\].

Furthermore, C9orf72 insufficiency negatively modulated lysosomal exocytosis process \[[@B111-cells-08-01216]\], while TFEB, which is normally regulated in a negative way by mTOR activity, was substantially upregulated \[[@B112-cells-08-01216]\].

Moreover, exposure of motor neurons to cerebrospinal fluid from sALS patients led to a significant dysfunction of the lysosomal proteins hexosaminidase, sialidase, and aryl sulfatase \[[@B113-cells-08-01216]\]. The same lysosomal defects were determined by the intrathecal injection of sALS cerebrospinal fluid into rat pups \[[@B113-cells-08-01216]\]. In particular, the authors documented a downregulation and a significant loss of activity of lysosomal enzymes together with mitochondrial dysfunction. This testifies the possible interplay between mitochondria and lysosomes whose dysfunction may lead to motor neuron degeneration in ALS \[[@B113-cells-08-01216]\].

In support of the neurobeneficial role of a balanced interplay among Ca^2+^-storing organelles, Vollrath et al. showed that depletion of sigma-1 receptor (SigR1), an ER chaperone located at the mitochondria/ER interface, led to an impairment of calcium mobilization, mitochondrial and ER defects, accumulation of undegraded substrates, and altered endosomal trafficking in NSC-34 motor neurons \[[@B114-cells-08-01216]\]. Furthermore, a SigR1 mutation has been identified as a possible cause of ALS/FTD (amyotrophic lateral sclerosis/frontotemporal dementia) \[[@B115-cells-08-01216]\], thus indicating this ER protein as a new potential pharmacological target against autophagy dysfunction and Ca^2+^ dyshomeostasis in ALS \[[@B116-cells-08-01216]\].

All these findings are indicative of the occurrence of defects in cellular cleansing mechanisms in ALS that, in part, are dependent on Ca^2+^ homeostasis dysfunction. In accordance with this idea, Rusmini and coauthors \[[@B117-cells-08-01216]\] demonstrated that the natural disaccharide trehalose and its analogs promote Ca^2+^-dependent lysosomal clearance of neurotoxic misfolded proteins in motor neurons in a TFEB-dependent manner.

Given the relevance of a balanced lysosomal Ca^2+^ homeostasis in the correct modulation of autophagic flux useful in cleansing the cell of defective organelles and misfolded proteins, the involvement of TRPML1 in the pathogenesis of the Guamanian form of ALS (ALS/PDC) has been recently characterized \[[@B12-cells-08-01216]\]. In this study, dysfunctions in TRPML1 expression and activity have been correlated to the accumulation of autophagic markers in ALS motor neurons as a sign of autophagy engulfment (see [Figure 2](#cells-08-01216-f002){ref-type="fig"}).

Furthermore, a concomitant defect of ER Ca^2+^ homeostasis occurred in neurons exposed to L-BMAA (the neurotoxin β-methylamino-L-alanine), most likely depending on the disruption of the lysosomal/ER interplay. This suggests that ER store is acting as a major source of lysosomal Ca^2+^ in motor neurons and that dysfunctional Ca^2+^ homeostasis in one of these organelles could have a dramatic repercussion on the other store. Importantly, in this study, early pharmacological stimulation of lysosomal TRPML1, by boosting autophagy, efficiently rescued motor neurons from L-BMAA toxicity and prevented ER stress, a hallmark of several forms of ALS \[[@B11-cells-08-01216],[@B106-cells-08-01216]\].

6. Concluding Remarks {#sec6-cells-08-01216}
=====================

The impact of endolysosomal system defects on autophagic process is now considered one of the most important pathogenetic mechanisms of several neurological diseases. However, this concept is starting to emerge also for ALS pathogenesis. The exact mechanism underlying lysosomal dysfunction remains to be established. Many studies documented a downregulation of expression and activity of lysosomal enzymes, reduction of lysosomal Ca^2+^ content, and impairment in organellar interplay. In fact, a concomitant dysfunction in ER and mitochondrial Ca^2+^ content has been described together with lysosomal dysfunction. This results in the occurrence of defects in cellular cleansing mechanisms and global Ca^2+^ dyshomeostasis in ALS. In accordance with this evidence, dysfunction of the lysosomal channel TRPML1 is emerging as a pathogenetic mechanism of the disease. Indeed, TRPML1 downregulation determined autophagy engulfment, disruption of lysosomal/ER interplay, and ER stress. These pathognomonic signs are all overcome by boosting autophagy through TRPML1 stimulation. Due to the complexity of the mechanisms involved in lysosomal Ca^2+^ regulation and function, many other efforts are needed to identify new targets within the lysosomal machinery whose modulation could impact Ca^2+^ dyshomeostasis in ALS.
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![Representation of lysosomal channels and pumps transporting Ca^2+^ and Na^+^ ions. Endogenous agonists are reported in light blue for each of them; hypothetical endogenous agonists are reported in grey. Lysosomal proton-pump V-type ATPase (*v-ATPase*) pumping protons into the lumen is also depicted.](cells-08-01216-g001){#cells-08-01216-f001}

![Representation of neuronal TRPML1 (**a**) under physiological conditions in which, after Ca^2+^ release through the channel, a Ca^2+^-dependent activation of TFEB (Transcription factor EB) triggers autophagy thus promoting cell survival; (**b**) in an experimental model of ALS/PDC (Parkinsonism-dementia complex) in which the reduction of TRPML1 expression and activity determines an engulfment of autophagy and motor neuron loss.](cells-08-01216-g002){#cells-08-01216-f002}
